This paper presents the concept and a design methodology for robust damage-mitigating control (DMC) of aircraft. The goal of DMC is to simultaneously achieve high performance and structural durability. The controller design procedure involves consideration of damage at critical points of the structure, as well as the performance requirements of the aircraft. An aeroelastic model of the wings has been formulated and is incorporated into a nonlinear rigid-body model of aircraft flight-dynamics.
INTRODUCTION
In the post-Cold War era, there is an increasing concern about high acquisition and maintenance cost associated with complex weapons systems. Fighter aircraft is a good example of such systems because the airframe undergoes significant cyclic stresses resulting in the need for frequent inspection and replacement of critical components. While airframe manufacturers are constantly updating the technology base to handle higher stress levels, these improvements often do not fully translate into an equivalent increase in component life due to the ever-increasing Performance requirements of fighter aircraft. This is particularly true of the current generation of fighter aircraft, as the high thrust-to-weight ratio allows extreme flight maneuvers that were not possible earlier and thereby the airframe is often subjected to very high instantaneous and sustained stress levels.
From an economic standpoint it is desirable to obtain the maximum amount of useful life from the most expensive (and hard to replace) components of the aircraft, as well as to reduce the number of maintenance inspections required to ensure structural integrity of critical components. This practice is also desirable from an operational viewpoint, since reductions in downtime for inspection and repair result in increased availability. However, since failure of certain components may result in loss of the aircraft, and more importantly, loss of human life, safety considerations mandate replacement of all critical components before a failure is likely to occur. This requirement is realized in the following way. A fighter aircraft that exceeds its design load factor during a flight is temporarily removed from service, and it must undergo a rigorous inspection to determine if any special maintenance is required prior to its retum to flying status. (Note: Load factor is defined as the total lift force acting on the aircraft divided by the aircraft weight). . Designers of flight control systems have recognized the possibility of actively reducing damage in certain aircraft structures, particularly the wing. The simplest concept that is currently employed on both F-16 and F/A-18 aircraft is the so-called "g-limiter". It serves to limit the aircraft's maximum load factor to a predefined value. Transport aircraft have used the Gust Load Alleviation (GLA) system that uses feedback from accelerometers on the wing to drive special control surfaces in order to reduce the additional loads imposed by atmospheric disturbances. A similar concept, known as Maneuver Load Alleviation (MLA) or Maneuver Load Control (MLC), has been proposed for highperformance aircraft. The aim of these systems is to shift the lift distribution inboard during high loading conditions to limit the bending moment at the wing root. Dynamic stresses have been considered in the so-called Fatigue Reduction (FR) system that seeks to minimize the amplitude and/or number of stress cycles experienced at the critical point(s). While these systems have shown tangible benefits, there is apparently a common weakness that may well prevent them from achieving their maximum potential. In all cases, the actual dynamics of the fatigue crack damage phenomenon in the structural material are not included in the analysis. It is simply assumed that, by limiting the peak stress at the critical points of the structure, life-savings could be maximized. Since transient stress overloads could result in a temporary retardation of crack growth [Anderson, 19951 , the frequencycontent of the applied stresses could be shaped by control actions to achieve larger fatigue life than the traditional approach of simply limiting the peak stress. This paper addresses the above issue focusing on fatigue damage mitigation in the wings of high performance aircraft that are usually instrumented for health monitoring and control. The thrust of the paper is on robust damagemitigating control (DMC) where the goal is to achieve large gains in structural durability by manipulation of stress profiles with no significant loss of performance [Ray et al., 19941 . This concept of DMC has been investigated for reusable rocket engines [Holmes and Ray, 19981, rotorcraft [Rozak and Ray, 1997, 19981 , and fossil fuel power plants [Kallappa et al., 19971 . In all cases, simulation results show a substantial increase in component life with no significant loss in system performance. Efficacy of the DMC concept has also been demonstrated by laboratory experimentation on a test apparatus [Zhang and Ray, 19991. 
ROBUST CONTROLLER SYNTHESIS
The H, -based structured singular value ( p ) synthesis technique [Zhou et al., 19961 has been chosen as the robust controller design method in this paper. Since aircraft controllers are increasingly being implemented on digital computers, sampled-data control systems have been designed using the function sdhfsyn in the MATLAB mutools toolbox [Balas et al., 19931 that is based on the methods of Bamieh and Pearson (1992) and Shivashanker and Khargonekar (1993). As mentioned earlier, separate robust controllers are designed for the lateral and longitudinal motion of the aircraft.
Next we describe the generalized plant models (i.e. the augmented system of the aircraft dynamics, actuator dynamics, plant modeling uncertainties, and performance weighting functions) used for synthesis of the longitudinal and lateral controllers, respectively. Note that the output of the crack-growth model is not used for feedback into the controller in either case. This paper focuses on robust control of flight dynamics in which the damage model is used only for analysis of the controller as well as for understanding the physical relationship between flight dynamics and fatigue crack growth. Nevertheless, the proposed control system has the flexibility of incorporating the output of the damage model as a feedback signal in an outer control loop following the architecture of Holmes and Ray (1998) .
The state vector used for synthesis of the lateral controller includes both the lateral rigid-body states and the states of the antisymmetric aeroelastic model [Caplin, 1998 1.
Since the spiral mode is not of interest during the controller synthesis phase, it is possible to neglect the role angle state without significantly altering the dynamics of the other modes. Thus, the plant state vector of lateral motion is constructed by considering the first three degrees of freedom for generalized displacements and eight additional aerodynamic states of the antisymmetric aeroelastic model.
The ideal model contains two blocks; one is a first order system representing the desired roll mode time constant, and the other is a second order linear time-invariant system with the desired frequency and damping ratio of the Dutch roll mode. The performance weighting function contains three blocks. The first two blocks penalize the differences in roll rate and sideslip responses of the aircraft model and the ideal model. The third block penalizes the difference in bending strain between the left and right wings. Although the wings are subjected to both bending and torsional displacements, the magnitude of the torsional strain is about two orders of magnitude lower than the bending strain. Thus, the principal strain is essentially equal to the bending strain, and only the bending strain is penalized during controller synthesis. However, both values are used as feedback signals for control purposes. The strain weighting functions are selected for the damage-mitigating controller design based on the information generated from extensive simulation runs. The frequencydependent weights are placed on the antisymmetric stabilator deflection and its rate. These weights are constant over the frequency range of interest, and are chosen to be the inverses of the maximum position and rate. The low-pass filter on the reference signal is included to make the D-matrix of the generalized plant zero, which is a requirement of the MATLAB function sdhfsyn for sampled data controller design. In an actual design case, it is highly desirable to characterize the uncertainty in the plant model based on the known dynamic behavior of the aircraft, preferably from experimental data. In this case, since the model does not represent any specific aircraft, no such data was available. Therefore, we have chosen an uncertainty weight of 20000(s +'Oo) which represents -10% uncertainty at
low frequencies increasing to -200% uncertainty at high frequencies. For the lateral model it is found that good results can be obtained when the ideal models are also used as the low-pass filters on the reference signals. This choice slightly reduces the order of the generalized plant. The state vector used for synthesis of the longitudinal controller includes both the longitudinal rigid-body states and the states of the symmetric aeroelastic model [Caplin, 19981. However, since the phugoid mode is not of interest, it is possible to ignore the velocity, altitude, and pitch angle states without significantly altering the short period response of the aircraft. Thus, the plant state vector of longitudinal motion is constructed by considering the first three degrees of freedom for generalized displacements and eight additional aerodynamic states of the symmetric aeroelastic model.
The ideal model is a second order linear time-invariant system with frequency and damping ratio selected to match the desired short period response of the aircraft. The performance weighting function contains two blocks. The first block penalizes the difference in pitch rate response between the outputs of the aircraft model and the ideal model. The second block penalizes the average bending strain of the left and right wings. The frequency-dependent weight penalizes the actuator positions and rates of the symmetric stabilator deflection and its rate. Similar to the lateral controller, these weights are constant over the frequency range of interest, and are chosen to be the inverses of the maximum position and rate. The transfer function is the uncertainty weight, which is the same as that used for the lateral controller design.
DAMAGE-MITIGATING CONTROL SYSTEM EVALUATION
There are a few issues that need to be addressed for evaluation of damage-mitigating capabilities of an aircraft controller. First, it is necessary to ensure that comparable rigid-body motions are executed with each simulation run. For example, it would not be meaningful to compare crack growth for one maneuver having a peak load factor of 8g with that from a almost similar maneuver in which the peak load factor is, say, 7g. The second issue is how to compare the results of crack growth from different simulation runs with due consideration to the effects of variable-amplitude cyclic stresses. The third issue is evaluation of crack growth due to multi-axial stresses resulting from combined actions of the lateral and longitudinal controllers. Although the lateral and longitudinal dynamics of the aircraft are very weakly coupled and the respective controllers are designed separately, the fatigue crack damage depends on the total stress at the crack tip, to which both the symmetric and antisymmetric aeroelastic models make contributions. The controller design procedure should be a three-step process from these perspectives:
Step#l:Evaluate all longitudinal Damage-Mitigating Controllers while the aircraft simulation model is executed for purely longitudinal maneuvers. Altematively, one could lift the restriction on pure longitudinal motion as long as the same lateral controller is used in all cases.
Step#2:Evaluate all lateral Damage-Mitigating Controllers while the aircraft simulation model is executed for combined lateral-longitudinal maneuvers using the same longitudinal controller. Limiting the maneuvers to pure lateral motion would also be an option for aircraft that are not designed for aggressive maneuvers. For fighter aircraft, however, the average stresses experienced under pure lateral motion would most likely be too far below the maximum allowable stresses for any significant fatigue crack growth to be observed.
Step#3:After selecting one or more potential candidates from each of the previous two steps, the candidate lateral and longitudinal Damage-Mitigating Controllers must be evaluated in pairs under combined lateral and longitudinal maneuvering. In this paper, however, no significant damage-mitigation is achieved with the longitudinal controller. Therefore, Step#3 is deemed unnecessary for this aircraft. Furthermore, since the bending stresses dominate the torsional stresses, fatigue damage is calcuIated based on the assumption of uniaxial (bending) stresses.
The fatigue life of a structure depends not only on the applied load profile but also on the initial condition of the crack damage in the structure. Starting with the same initial crack length, differences in crack growth profiles from different simulation runs can therefore be attributed solely to the actions of different controllers. Comparisons could then be made between the different controllers based on the number of maneuvers required for the crack length to reach a specified final crack length. For any maneuver involving lateral motion of the aircraft, although the stress profiles from the left and right wings are different, crack growth results apply to both wings. Over a flight mission, the numbers of left tums and right tums are expected to be similar with no particular emphasis on the direction of maneuvers. Therefore, for evaluation of crack damage, the stress profiles from the left and right wings are strung together to form a single block of (variable-amplitude) cyclic load corresponding to one average maneuver. The results are applicable to either wing -left or right.
The longitudinal controller in the aircraft under consideration is provided with only one control input (i.e., symmetric stabilator deflection) for regulating both the rigidbody pitch rate and the average strain at the wing root. In addition, no direct control of the symmetric force distribution on the wing span is available as these forces can only be changed at the expense of the rigid-body motion that determines the aircraft performance. Since the requirements of handling qualities must be met at low frequencies (up to approximately 10 radsec), it would be unreasonable to influence the strain response within this frequency range. Thus, the only available choice for a strain weighting function is a band-pass filter. Several different filters were examined, however none seemed to have any significant effect on fatigue crack growth reduction without any significant loss of performance. The strain response was dominated by low frequencies, and the controller was unable to influence what little high-frequency content there was, due to the strict pitch rate response requirements.
In the aircraft under consideration, the longitudinal controller is not very effective for damage mitigation. Therefore, we concentrate on the lateral controller in the sequel.
Since the aircraft under consideration is equipped with both ailerons and stabilators for roll control, the lateral controllers have the ability, within limits, to independently influence both the rigid-body roll rate and the stress transients in the wing. Three basic types of strain weighting functions are investigated an all-pass filter (constant weight), a lowpass filter, and a band-pass filter. In order to create a baseline case, one controller, denoted as the Performance Controller (PC) is synthesized without using any strain feedback or any penalty on the strain response. Additional strain weighting functions are provided for the lateral Damage-Mitigating Controllers (DMCs). Two such DMCs, called DMCl and DMC2, are synthesized with different penaltieson the strain response while the remaining weights are the same as those for the PC. Both the PC and DMCs are synthesized using a linearized model of the flexible aircraft in level, unaccelerated fight at an altitude of 5000 ft and a Mach number of 0.8. The results from a typical maneuver are presented below.
The tum reversal maneuver is selected for evaluating the damage-mitigating capabilities of the lateral controllers. Starting from level flight, the aircraft is rolled into a 7.5g tum to the right, then quickly reversed into an 8g tum to the left, and finally retumed to straight and level flight The first three out of four plates in Figure 1 show the roll rate, pitch rate, and sideslip angle transients, respectively, for the aircraft performing the tum reversal motion under the influence of each of three lateral controllers -PC, two DMCs (i.e., DMC1, and DMC2) along with the respective reference signals. The pitch rate of all three controllers is very close to the reference signal because this motion is largely govemed by the longitudinal controller. The roll rate response of PC is practically identical to that of DMCl and is slightly superior to that of DMC2. The sideslip response of PC is slightly superior to that of DMCl while DMC2 shows larger deviations in the sideslip angle. The fourth plate in Figure 1 compares the fatigue damage at the wing root under these three controllers. The fatigue damage in each case is computed by the FASTRAN 11 model (Newman, 1992) based on the number of maneuvers required for the crack length to reach 1 mm starting from an initial value of 0.1 mm. It follows from Figure 1 Formulation of the control laws takes into consideration the impact of fatigue crack damage at critical points of aircraft structure, as well as the performance requirements. A flexible wing model is formulated using the finite element method, and the dominant mode shapes and natural frequencies are identified. The doublet-lattice method is employed to develop an unsteady flow model for computation of the timedependent spatial aerodynamic loads acting on the wing due to rigid-body maneuvers and structural deformation. These two models are subsequently incorporated into a pre-existing nonlinear rigid-body model of aircraft flight-dynamics.
The DMCs are designed using the H,-based psynthesis method. In addition to penalizing the error between the ideal performance and the actual performance of the aircraft, frequency-dependent weights are also placed on the strain amplitude at the root of each wing. Using each controller in tum, the aircraft is put through an identical sequence of maneuvers, and the resulting stress profiles are analyzed using a model of fatigue crack growth that includes the effects of crack retardation resulting from stress overload. Comparisons are made to determine the resulting crack growth at the wing root for different DMCs. The results of simulation experiments show that the DMCs yield significant savings in fatigue life of the wing structure while retaining the dynamic performance of the aircraft. Specifically, the strain feedback is used for lateral motion control that manipulates the actuators (i.e., ailerons and stabilators) to simultaneously achieve high performance and damage mitigation.
Two important conclusions can be drawn from this research. The first is that damage-mitigating control of highperformance aircraft is achievable when redundant control surfaces are present. For the particular aircraft used in this paper, only the lateral controller was able to significantly influence fatigue crack damage in the wing due to its ability to allocate roll commands between the ailerons and the stabilators. Significant results could also be achieved with a longitudinal controller designed for an aircraft that has multiple control surfaces for longitudinal motion (such as canards, stabilators, leading-edge flaps, trailing-edge flaps, and thrust vectoring nozzles). Such a controller would be able to independently alter (within limits) the total lift and total pitching moment acting on the aircraft, and thus influence stresses in both the fuselage and the wings. The second and perhaps the more important conclusion is that DMCs cannot be reliably synthesized when the analysis does not include adequate information on the dynamic behavior of the crack-growth process. Intuition would lead one to believe that smaller peak stress will result in a reduction in damage.
Damage mitigating control is potentially capable of extending the life of existing aircraft with no significant loss of performance. The methodology can also be employed to the simultaneously design structural components and control systems for new aircraft, thus providing the structural engineers with more accurate information on the damage that critical components would experience in service. This information facilitates the design of less conservative structures, resulting in lighter-weight, higher-performance aircraft. The methodology can be extended to transport aircraft for both military and commercial applications.
The main application of this research is anticipated to be in the aircraft design phase, since this will allow the structural engineers and the control systems engineers to simultaneously converge to their individual goals of ensuring both performance and structural integrity of the aircraft. This approach will dramatically reduce the number of iterations required to arrive at a final design that can safely maximize the maneuvering capabilities of the aircraft. ACKNOWLEDGMENTS The work reported in this paper was supported in part by NASA Langley Research Center under Grant#. NCC-1-249.
